Humans are the only natural reservoir of measles virus (MV), one of the most contagious viruses known. MV infection and the profound immunosuppression it causes are currently responsible for nearly one million deaths annually. Human signaling lymphocytic activation molecule (hSLAM) was identified as a receptor for wild-type MV as well as for MV strains prepared as vaccines. To better evaluate the role of hSLAM in MV pathogenesis and MV-induced immunosuppression, we created transgenic (tg) mice that expressed the hSLAM molecule under the control of the lck proximal promoter. hSLAM was expressed on CD4
Since measles virus (MV) was isolated and attenuated to produce a successful vaccine (7, 20) , it was shown to cause a progressive central nervous system (CNS) disease (subacute sclerosing panencephalitis) and was found to be capable of suppressing immune responses (28, 53) .
More recently, two developments have aroused interest in the nature of MV. The first was the discovery of two cell surface receptors for MV, namely, the CD46 molecule, which is a member of the complement regulatory cascade of proteins (6, 26, 33) , and signaling lymphocytic activation molecule (SLAM), a T-cell costimulatory molecule (9, 18, 52) . Whereas the CD46 molecule is ubiquitously expressed on all nucleated cells, SLAM is expressed only on immature thymocytes, activated and memory T cells, B cells, and activated monocytes and dendritic cells (4, 29, 30, 40, 49) . The second development was a better understanding of mechanisms of MV-induced immunosuppression. Although the route of infection by MV is respiratory, and despite its widespread dissemination to the skin, the intestinal tract, and the nervous system, the virus has a strong predilection for lymphoid tissues in the early as well as late stages of the disease. Furthermore, lymphoid tissues and cells provide not only a replication site but also a means of transporting the virus within the body. Since both CD46, constitutively, and SLAM, inducibly, are concomitantly present on cells of the human immune system, the relative individual contribution of either of the two MV receptors in MV-induced immunosuppression has been difficult to sort out. MV has been known to induce mitogen unresponsiveness of T cells by direct infection and contact with infected cells (12, 43, 56) . However, the lack of a suitable small-animal model has impeded progress toward understanding the pathogenic effects of MV, especially its ability to induce immunosuppression, a CNS disease, and virus-immune cell and virus-neuron interactions. Following the identification of MV receptor CD46, investigators in several laboratories have attempted to express human CD46 in transgenic (tg) mice as models that could be infected by MV (16, 36, 41, 57) . The human CD46 protein has a 45% homology with mouse CD46 (54) . Mice are not infected by MV unless the virus has been adapted to the murine cells by multiple passages (24) or unless human CD46 is expressed in the mouse. In terms of understanding and solving the puzzle of how MV suppresses the immune responses, recent studies have suggested that MV infects and alters functions of T cells (11, 32, 34) and antigenpresenting cells (APC) (14, 45, 46) and that infection skews the T-cell response to a Th2 phenotype (13) .
SLAM is a glycoprotein ligand found on the surface of immature thymocytes, activated and memory T cells, B cells, and activated APC (4, 29, 30, 40, 49) . Sequence analyses and gene mapping place SLAM in the CD2 immunoglobulin (Ig) superfamily along with related genes, such as those for 2B4 and SF 2001 (5, 10) . SLAM and SLAM-related cell surface receptors are thought to play an important role in adhesion and signaling at the immune synapse between the APC and the T cell. The homology between human and murine SLAM is 58%, and while human SLAM (hSLAM) serves as a receptor for MV, murine SLAM does not (38) .
Owing to its expression on cells of the immune system and its role in T-cell biology, hSLAM might be involved in the immunosuppression associated with MV infection. However, distinguishing its activity from that of the other MV receptor, CD46, is difficult because CD46 is also expressed on T cells and APC and influences T-cell biology. We have previously tested a line of tg mice, YAC-CD46, in which expression of the MV receptor CD46 closely mimicked the location and amount of CD46 found in humans. MV replicated in and was recovered from CD46 ϩ immune cells and was associated with suppression of humoral and cell-mediated immune responses (36) .
The binding of wild-type (wt) MV from clinical specimens or wt MV passaged on B95-8 marmoset cells to hSLAM was proposed to be much stronger than its binding to CD46 (8, 25, 37, 44) . Thus, we generated novel tg mice that exclusively expressed hSLAM behind the lck proximal promoter. In this paper, we record our findings from experiments with tg mice expressing hSLAM protein on T lymphocytes in the blood, spleen, and thymus. We note here four main observations. First, T lymphocytes that expressed hSLAM were permissive both to a laboratory strain of MV and to a wt MV passaged on B95-8 cells. Second, the degree of hSLAM expression correlated directly with the ability of MV to infect CD4 ϩ and CD8 ϩ T cells. Third, after MV infection of such cells, hSLAM was downregulated from the cell surface. Fourth, MV infection of hSLAM-expressing murine T cells inhibited their division and proliferation. Therefore, this tg model reproduces important aspects of MV infection of human T cells and, as such, should be useful for dissecting the molecular basis of MV-induced immunosuppression and the role of T cells expressing hSLAM in this process compared to that of T cells from tg mice expressing only the CD46 MV receptor.
MATERIALS AND METHODS
Construction of expression plasmid. The hSLAM cDNA (pCAGSLAM) was provided by Yusuke Yanagi (Kyushu University). To amplify the hSLAM cDNA, PCR was performed by using pCAGSLAM as a template and Sl-1 (5Ј-GAAGA TCTACCATGGATCCCAAGGGGCTCC-3Ј) and Sl-2 (5Ј-GAAGATCTCCTT CAGAAAGTCCCTTTGTTGG-3Ј) as the primers. For the construction of plck-SLAM, amplified hSLAM cDNA was digested with BglII and then cloned into BamHI-treated p1017 vector, which was obtained from Jenny Tian (Merck Research Laboratories). The p1017 vector contains the lck proximal promoter and a human growth hormone (hGH) minigene that have a transcription terminator for efficient gene expression in tg mice (3) . The entire hSLAM gene of 1,040 bp was sequenced to ensure that it was intact. The sequences of junction sites between the promoter and the inserted gene were also verified by sequencing analysis to confirm that the fusion gene was properly constructed.
Generation of tg mice. The full-length lck proximal promoter-hSLAM fragment of 6.3 kb was isolated by digestion of plck-SLAM with NotI and was microinjected into fertilized oocytes of FVB/N, C57BL/6, and FVB/N ϫ C57BL/6 mice. The oocytes were then implanted into pseudopregnant CD1 female mice at the The Scripps Research Institute transgenic facility. Tail biopsy specimens were collected from pups, and DNA was isolated for detection of hSLAM cDNA. Several tg mouse founders were identified by using a slot blot hybridization assay with a random-primed 32 P-labeled probe for the entire hSLAM gene. Tg mice founders and their offspring were confirmed by using gene-specific PCR analysis. Tail genomic DNA (500 ng) was used as a template with primers 5Ј-AGTTCAGCGCTTTTGCCTGC-3Ј and 5Ј-CTGTTGGCTGG GTTCAGTG-3Ј to amplify the internal region of hSLAM or with another set of primers (Sl-1 and Sl-2) to amplify the entire hSLAM gene. All founders were shown to have intact full-length hSLAM gene by PCR analysis.
Reverse transcriptase (RT) PCR analysis. Various organs, namely, brain, kidney, liver, lung, heart, bone marrow, spleen, and thymus, were removed from saline-perfused mice and homogenized. Tri-reagent (Molecular Research Center) was used to purify total RNA from these tissues in accordance with the manufacturer's description. RNAs were treated with DNase I to remove possible contaminating genomic DNA in the total RNA. hSLAM RNA was detected via RT PCR assay with the hSLAM gene-specific primers (Sl-1 and Sl-2) described above. One hundred nanograms of total RNA was mixed with primers and SuperScript II RT/Platinum Taq mix (Invitrogen) in the buffer supplied. The RT reaction was processed for 30 min at 50°C followed by amplification of cDNA through 30 cycles of 95°C for 30s, 55°C for 30 s, and 72°C for 1 min. As an internal control, the transcript of ␤-actin was detected with the primers 5Ј-TCA TGAAGTGTGACGTTGACATCCGT-3Ј and 5Ј-CTTAGAAGCATTTGCGG TGCACGATG-3Ј. RT PCR products were separated by electrophoresis through a 1% agarose gel.
Fluorescence-activated cell sorter (FACS) analysis. To detect hSLAM protein expression, blood samples were collected from the retro-orbital venous plexus, diluted 1/100 in a lysis buffer of red blood cells (140 mM NH 4 Cl, 17 mM Tris-HCl, pH 7.2) and incubated on ice for 30 to 45 min to remove red blood cells. The white blood cells were stained with fluorescein isothiocyanate (FITC)-or phycoerythrin (PE)-conjugated anti-CD4 antibody or anti-CD8 antibody (BD PharMingen). Staining for hSLAM was performed with an anti-hSLAM antibody (Advanced ImmunoChemical Inc.) conjugated to Cy5 by using a monoclonal antibody labeling kit (Amersham Biosciences). Incubation of cells with various fluorochrome antibodies was carried out for 20 to 30 min on ice in a phosphatebuffered saline (PBS) solution containing 1% fetal bovine serum (FBS) and 0.1% sodium azide. After being washed three times, the cells were fixed in 1% formaldehyde in PBS. To screen for expression of hSLAM protein, two to three non-tg littermates (hSLAM negative in PCR analysis) and two to six tg mice (hSLAM positive in PCR analysis) of F 1 mice per founder were used in each FACS analysis. To check the expression of hSLAM protein on various immune cells, splenocytes prepared as described below were stained with either anti-B220, anti-CD11b, anti-CD11c, or anti-NK1.1 antibody (BD PharMingen) along with antibody to hSLAM. Analysis of in vitro MV infection. Edmonston MV (MV-Ed) was passaged and titered on Vero cells. wt MV of the JW strain, which was originally obtained from PBMCs of a patient with acute MV infection, was passaged less than 7 times in, and titered on, B95-8 cells as described previously (25) . This was necessary to increase the titer of MV for subsequent experimental studies, and this virus is referred to as MV-JW B . B95-8 cells were maintained in RPMI 1640 medium containing 7% FBS, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml. For in vitro viral infection analysis, single-cell suspensions of spleen and thymus from tg or non-tg littermates were obtained by passage through a 70-m (pore size) sterile mesh. Splenocytes were treated with 0.83% ammonium chloride for 4 min to remove erythrocytes. Purified cells were cultured in RPMI complete medium containing 7% FBS, 2 mM L-glutamine, 100 U of penicillin/ml, 100 g of streptomycin/ml, 10 mM HEPES, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 0.05 mM ␤-mercaptoethanol, and 50 U of interleukin-2 (IL-2)/ml. To stimulate T lymphocytes in vitro, 20 ng of phorbol myristate acetate (PMA)/ml and 1 g of ionomycin/ml were added to the culture for 15 to 20 h. Cells (10 6 ) from tg or non-tg mice were mock infected or infected with MV-Ed or MV-JW B at a multiplicity of infection (MOI) of 0.8 to 1.0 at 37°C for 2.5 h. After being washed, infected cells were cultured in the complete medium containing IL-2. Infectious virus was quantitated by infectious center assay (16) , while expression of viral proteins was determined by flow cytometry. To detect viral transcription or replication products, RT-PCR analysis was performed with total RNA extracted from infected T cells and MV Nspecific primers.
Analysis of in vivo MV infection. Newborn 1-to 2-day-old tg or non-tg mice were injected intraperitoneally (i.p.) with MV-JW B at a dose of 4 ϫ 10 4 50% tissue culture infective doses (TCID 50 ) in a volume of 50 l. Mice were sacrificed 2 days after inoculation, and thymi were harvested. Single-cell suspension of thymocytes was obtained by passage through a 70-m sterile mesh. Cells were tested for surface expression of hSLAM and MV proteins by flow cytometry as described above. As a negative control, B95-8 cell supernatants in the absence of MV inoculation were prepared identically to the JW virus stock and were used for mock in vivo infection analysis.
Proliferation assays. Splenocytes from tg mice and their non-tg littermates processed as mentioned above were labeled with carboxyfluorescein succidimyl ester (CFSE) (Molecular Probes, Eugene, Oreg.). Cells (3 ϫ 10 6 ) were resuspended with PBS containing 2.5 M CFSE and incubated at 37°C for 10 min. Unincorporated CFSE was removed by washing with PBS three times, and 10 6 lymphocytes from tg or non-tg mice were either mock infected or infected with MV at an MOI of 1.0. After 2.5 h at 37°C, half of each sample was washed and stained with human polyclonal antibody to MV followed by an antibody to human IgG conjugated to PE and an antibody to murine CD4 conjugated to allophycocyanin (day 0). The remaining half of the cells was treated with 20 ng of PMA/ml and 1 g of ionomycin/ml, cultured in complete medium containing IL-2, and at 2 days after MV infection, prepared and treated as described above for day 0 samples. Detection of CFSE and surface expression of MV proteins on CD4 ϩ cells was performed by antibodies and FACS analysis as described previously (32) .
RESULTS
Generation of hSLAM-expressing tg mice. To produce tg mice expressing hSLAM on T lymphocytes, a fusion gene containing the lck proximal promoter and the hSLAM gene was constructed (Fig. 1A) . Embryos of FVB/N, FVB/N ϫ C57BL/6, and C57BL/6 mouse strains were microinjected with a DNA fragment containing the lck proximal promoterhSLAM fusion gene. Eleven lines of lck-SLAM tg mice, consisting of two lines of FVB/N mice, seven lines of FVB/N ϫ C57BL/6 mice, and two lines of C57BL/6 mice, have incorporated hSLAM cDNA in their genome, as shown by screening by using gene-specific PCR analysis and/or slot blot hybridization (data not shown). All these founders were bred to ensure that they passed the hSLAM transgene to F 1 progeny. All except one line of FVB/N ؋ C57BL/6 mice did so.
To investigate the expression of hSLAM in several organs, total RNAs were extracted from various organs of lck-SLAM F2 mice (data from line 2 of the FVB/N strain are shown in Fig. 1) , and RT PCR analysis was performed. Prior to removal of organs, mice were perfused with 25 ml of sterile PBS via intracardiac inoculation to ensure removal of endogenous pe- Briefly, hSLAM cDNA (black box) was amplified by PCR and engineered to have BglII sites on both ends; it was introduced into BamHI-treated p1017 vector between the lck proximal promoter (gray box) and the hGH minigene (striped box). By treatment of NotI enzyme, the lck-SLAM fusion gene was purified for microinjection to produce hSLAM tg mice. The scheme depicts the relative sizes of each component (lck proximal promoter:hSLAM:hGH minigene size ratio, 3:1:2). (B) RT PCR analysis to detect hSLAM RNA transcripts from diverse murine organs. Total RNAs were extracted from various organs of saline-perfused lck-SLAM tg mice from line 2 of the FVB/N strain. Total RNAs (100 ng) from heart (lanes 1 and 10), lung (lanes 2 and 11), liver (lanes 3 and 12), brain (lanes 4 and 13), kidney (lanes 5 and 14), bone marrow (lanes 6 and 16), thymus (lanes 7 and 15), and spleen (lanes 8 and 17) were used in the RT PCR assay with full-length hSLAM gene-specific primers (lanes 1 through 8) or ␤-actin primers (lanes 10 through 17). As a control, hSLAM DNA was amplified by PCR with hSLAM cDNA as a template (lane 9). (C) Expression of hSLAM protein on T lymphocytes obtained from the blood of lck-SLAM tg mice. White cells from line 2 tg mouse of the FVB/N strain and its non-tg littermate were stained with FITC-labeled anti-CD4 antibody, PE-labeled anti-CD8 antibody, and Cy5-conjugated antihSLAM antibody. By FACS analysis, CD4 ϩ cells and CD8 ϩ cells were gated, and the expression levels of hSLAM protein by non-tg mice (filled histogram) and tg mice (open histogram) were compared.
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on October 15, 2017 by guest http://jvi.asm.org/ ripheral murine lymphocytes. From thymus and spleen of tg mice, RT PCR products corresponding to full-length hSLAM gene were obtained (Fig. 1B, lanes 7 and 8) . In contrast, no mRNAs encoding hSLAM were detected from either liver, lung, brain, kidney, heart, or bone marrow of tg mice (Fig. 1B , lanes 1 to 6) or from any organ of non-tg mice (data not shown), although RNAs prepared from those organs were intact, as confirmed by another RT PCR analysis to detect the mRNAs of ␤-actin (Fig. 1B, lanes 10 to 17) . Data from the RT PCR analysis matched the results from Northern blot analysis (data not shown). The distribution profile of hSLAM RNA directed by the control of the lck proximal promoter correlated with the presence of T cells in the spleen and thymus. Several F 1 mice per mouse line were tested for the expression of hSLAM protein. White blood cells were prepared from peripheral blood and tested for the expression of hSLAM protein. Since the lck proximal promoter was reported to be specific for T cells (47), CD4 ϩ or CD8 ϩ T cells from blood were tested for the surface expression of hSLAM protein. By FACS analysis, most T cells of tg mice, as shown for line 2 FVB/N (Fig. 1C) mice, expressed hSLAM protein on the surfaces of CD4 ϩ and CD8 ϩ cells, while none was detected on either CD4
ϩ or CD8 ϩ T cells obtained from non-tg mice (Fig.  1C) .
hSLAM protein expression on splenocytes and thymocytes from lck-SLAM tg mice. To examine the expression pattern of hSLAM protein on various cell types of the immune system, splenocytes were analyzed by FACS by using antibodies against specific cell marker proteins CD4, CD8, B220, CD11b, CD11c, or NK1.1. Again, hSLAM protein was easily detected on CD4 ϩ or CD8 ϩ cells from spleen, but not on B cells, NK cells, CD11c ϩ or CD11b ϩ cells (Fig. 2A) . Thymocytes from tg mice, including CD4 and CD8 double-negative and double-positive cells as well as CD4 or CD8 single-positive cells, expressed hSLAM protein (Fig. 2B ). These studies indicate that the expression of hSLAM protein is restricted to immature and mature T lymphocytes in lck-SLAM tg mice, as would be expected for the lck proximal promoter (47) . Susceptibility of splenic T cells from lck-SLAM tg mice to MV infection in vitro. Since hSLAM protein was first identified as an immune cell-specific receptor for wt MV and for MV passaged on B95-8 marmoset cells, we assayed the susceptibility of mouse T cells expressing hSLAM to in vitro infection by the MV-JW B strain. The primary human isolate MV-JW, which was maintained in our laboratory by passage through primary human lymphocytes (25) , was passaged on marmoset B95-8 cells in order to enhance its titer from 10 3 to 10 6 TCID 50 /ml. MV-JW and other human clinical isolates of wt MV passaged on primary human cells had titers too low to reach an appropriate MOI needed for our studies; hence, wt isolates were passaged for limited times (less than 7 passages) on, and were easily recovered from, B95-8 cells. Like wt MV and unlike laboratory strains of MV such as MV-Ed passaged on epithelial cells, B95-8-passaged wt MV has been shown to retain pathogenicity for monkeys (21) . Therefore, B95-8 celladapted wt MV has been widely used to produce wt MV-like stocks that mirror many aspects of the clinical MV biology (21, 25, 52) . Since stimulation of T cells with mitogens is required for efficient MV replication and production of infectious MV in human lymphoid cells (19, 27, 50, 55) of 0.8, and the appearance of the two viral surface glycoproteins, hemagglutinin (HA) and fusion (F) proteins, on inoculated cells' surfaces was detected with a MV-specific antiserum. As a result of infection with MV-JW B , CD4 ϩ T lymphocytes (62%) studied at 2 days postinoculation were infected and expressed viral proteins (Fig. 3A, graphs a and b) . CD8 ϩ T cells (39%) from tg mice were also infected with MV-JW B at day 2 (Fig. 3A, graphs c and d) . In contrast, the background was less than an average of 3% (range, 2 to 6%) for splenic hSLAM Ϫ T cells from non-tg littermates, supporting the idea that MV is a human-specific pathogen and that mouse SLAM on T cells does not act as a MV receptor. When cells were mock infected (control supernatant from B95-8 cells), no fluorescence was detected on tg or non-tg cells. Therefore, hSLAM expression on mouse primary T lymphocytes renders them permissive to wt MV. hSLAM protein has also been reported to be a receptor for laboratory strains of MV passaged on epithelial cells. To determine whether T lymphocytes from hSLAM tg mice were also susceptible to a laboratory strain of MV infection, cells were infected with MV-Ed at an MOI of 0.8. At day 3, the majority of CD4 ϩ (68%) and CD8 ϩ (52%) T lymphocytes from hSLAM tg mice expressed the MV surface glycoproteins (Fig. 3B) . Again, less than 4% of non-tg hSLAM Ϫ CD8 ϩ or CD4 ϩ T cells were similarly infected by MV. Confirmation of T cell infection was obtained by documenting the presence of newly generated viral positive-strand RNA by using RT PCR to demonstrate the presence of the MV N gene. MV N is a product of viral transcription and/or replication. In addition, infectious viruses were produced from in vitro-infected spleen cells of hSLAM ϩ tg mice, as detected by infectious center assay when MV-infected T cells cocultured on a Vero cell monolayer caused cytopathic effects on Vero cells (data not shown).
The above experiments used PMA and ionomycin stimulation, but similar results were obtained with stimulation provided by allogeneic lymphocytes or antibodies against CD3 and CD28 (data not shown). Overall, these results clearly demonstrate that hSLAM protein on murine T cells can act as a receptor for MV and that its expression alone is sufficient to allow MV entry into mouse T cells. This process grants MV the opportunity for viral replication and production of infectious MV progeny in mouse T lymphocytes.
Parallel association of the amount of hSLAM expression and the degree of MV infection in lymphocytes. Lymphocytes from each of the nine tg mouse lines expressing hSLAM and from three non-tg mouse littermates were assayed for the expression level of hSLAM and the susceptibility to MV infection. While CD4 ϩ T cells from non-tg mice littermates did not express hSLAM and were resistant to MV infection, CD4 ϩ T cells from tg mice expressing hSLAM protein, as expected, were susceptible to MV infection (Fig. 4A) . CD4 ϩ T cells from those lines expressing the greatest amount of hSLAM on their surfaces, i.e., line 2 of FVB/N mice (F-2) and lines 25 (FB-25) and 30 (FB-30) of FVB/N ϫ C57BL/6 mice, were the most susceptible to MV infection (Fig. 4) . Figure 4C shows equivalent results with CD8 ϩ T cells from the various tg lines. CD8 ϩ T cells from mouse lines expressing the greatest amount of hSLAM displayed the greatest susceptibility to MV, while CD8 ϩ T cells from lines expressing the least amount of hSLAM were the least susceptible to MV infection.
Next we analyzed the fate of hSLAM receptor expression on T cells after MV infection. SLAM has been reported as a costimulatory molecule affecting Th1/Th2 balance (2, 4) , and the modulation of SLAM expression by MV infection might play a role in the suppression of the immune system. T cells from the nine lines of tg mice were infected with MV-Ed, and the degree of hSLAM expression before and after virus infection was analyzed. After infection with MV-Ed, hSLAM was downregulated on T cells from all lines, reaching from 50 to 80% loss of hSLAM expression in several instances. Downregulation of hSLAM was observed in both CD4 ϩ (Fig. 5A ) and CD8 ϩ (Fig. 5B) T cells in all tg mice lines ordinarily expressing hSLAM protein. Similar to infection with MV-Ed, infection with MV-JW B down-modulated MV receptor hSLAM (data not shown).
MV infects thymocytes from lck-SLAM tg mice in vitro and in vivo. High levels of hSLAM expression occur on thymocytes from tg mice, as shown at both the RNA and protein levels ( Fig. 1B and 2B ). As anticipated, incubation of such thymocytes with either MV-Ed or MV-JW B led to productive MV infection. Figure 6A shows that at 2 days postinfection, MV HA and F proteins were detected on the surface of CD4 ϩ T cells (Fig. 6A, graphs a and b) and CD8 ϩ T cells (Fig. 6A,  graphs c and d) .
To evaluate whether hSLAM-expressing tg mice were permissive to MV infection in vivo, newborn mice were injected i.p. with 4 ϫ 10 4 TCID 50 of wt MV-JW B , since previous reports showed that newborn CD46 tg mice were more susceptible than adult mice to MV infection (36, 41) because they lacked the mature immune system possessed by adults (23, 39) . After 2 days, MV-inoculated mice were sacrificed and thymocytes obtained were analyzed for the expression of MV proteins. Thymocytes obtained from MV-inoculated tg mice expressed MV proteins on CD4, CD8, double-positive (CD4 ϩ CD8 ϩ ), or double-negative (CD4 Ϫ CD8 Ϫ ) T cells. In contrast, thymocytes from non-tg mice infected with MV did not have any MV protein expression (Fig. 6B) . MV infection of tg mice in vivo was confirmed in three independent experiments with five to nine mice for each experiment. As an additional negative control, hSLAM tg mice were injected with supernatants from uninfected B95-8 cells. Surface expression of MV proteins was not detected on thymocytes of such tg mice after inoculation with these control supernatants (data not shown). Thus, MV- (Fig. 7d) . By contrast, mock-infected T cells from tg or non-tg mice or non-hSLAMexpressing T cells incubated with MV were able to proliferate and divide after mitogen stimulation (Fig. 7a to c) . FACS analysis enabled us to distinguish activated cells (large size) from unactivated cells in forward scatter-side scatter profile. Thymocytes and splenic T cells from non-tg and tg mice reacted to mitogens similarly, becoming bigger in size in the absence of MV inoculation. However, most MV-infected splenic CD4
ϩ T cells (90%) and thymocytes from tg mice remained unactivated (as reflected in the small size of the cells) in forward scatter-side scatter profile (data not shown). These results indicate that MV infects mouse T cells expressing hSLAM, inhibits their proliferation, and makes them unresponsive to mitogenic stimulation.
DISCUSSION
By generation of tg mice that expressed hSLAM, our studies showed that the hSLAM protein could be used lymphocytes in vitro and in vivo. Expression of hSLAM on murine T lymphocytes made otherwise-resistant T cells susceptible to MV infection. This allowed us to probe the relevance of MV infection via the hSLAM receptor and its effect on the biological function of T cells. The cellular susceptibility to MV infection directly coincided with the amounts of hSLAM expressed on T cells. Furthermore, MV infection of T lymphocytes from hSLAM tg mice induced downregulation of hSLAM receptor and inhibited the proliferation of infected T cells. Therefore, the hSLAM tg mouse model offers the opportunity to use MV in a small-animal model to dissect the role of SLAM modulation and evaluate MV-T-cell interaction and MV-induced immunosuppression in the absence of the other known MV receptor, CD46. Such analysis is not possible on human T cells, as they bear both CD46 and SLAM molecules.
The use of the lck proximal promoter in producing tg mice resulted in specific expression of hSLAM protein on immature and mature T lymphocytes in blood, spleen, and thymus. This mimicked, in part, SLAM expression in human T cells, although in the tg mice, SLAM is constitutively expressed, while in human T cells, SLAM is induced upon activation and is consistently expressed in immature thymocytes and memory T cells (2, 4, 49) . The amount of hSLAM protein in most of our tg lines was slightly higher on CD4 ϩ cells than on CD8 ϩ cells. This might be due to the activity of lck proximal promoter used for generation of hSLAM tg mice or to differential stability of the SLAM protein in CD4 ϩ and CD8 ϩ cells. By using nine tg mice lines, each expressing different amounts of hSLAM protein, a significant and direct correlation between hSLAM expression and MV infectivity was observed (Fig. 4) . Since activated T cells are known to express a high amount of SLAM protein (2, 4, 49) , they may be good target cells for MV infection and virus amplification in lymphoid cells. Supporting this idea, it was reported that stimulation of human T cells increased the efficiency of RNA replication and production of infectious MV (19, 27, 50, 55) . Also, SLAM mRNA has been shown to be expressed at 7-to 25-fold higher levels in human Th1 cells than in Th2 cells (15) . Preferential expression of SLAM protein on Th1 cells over Th2 cells may allow MV to efficiently infect Th1 cells, thereby disrupting cell-mediated immune responses in favor of a Th2 response. Interestingly, a skewed Th2 response has been reported in patients infected with MV and argued as a likely factor in the pathogenesis of the virus-induced immunosuppression (13) . The lck-SLAM tg mice should be of great value in further testing this hypothesis.
We observed downregulation of hSLAM protein on mouse T cells from lck-SLAM tg mice when CD4 ϩ or CD8 ϩ cells were infected with MV. Moreover, we found the hSLAM protein on uninfected T lymphocytes in the same culture with MV-infected cells to be downregulated (data not shown), indicating an indirect contact-mediated downregulation of SLAM. This indirect effect has been described (9, 51) and presumed to occur by contact of MV HA on MV-infected cells with SLAM on uninfected cells. Since engagement of SLAM has been shown to induce the synthesis of gamma interferon, thus skewing the immune response toward a Th1 phenotype, MV-induced downregulation of hSLAM may explain in part the biased Th2 cytokine phenotype in measles patients (13) . Several molecules in immune cells, such as SLAM-associated protein (SAP), SH2-containing inositol phosphatase (SHIP), and Src-like kinases Lck and Fyn, are thought to interact with and modulate the function of SLAM (17, 22, 42, 48) . Changes in the signaling cascade initiated by SLAM modulation could be another mechanism for MV-induced immunosuppression. hSLAM tg mice should be helpful to investigate the association of MV infection with SLAM-mediated signaling and the effect on modifying host gene expression.
Human thymus hosts T-cell development and is infectible by MV (31, 35) . However, it has been difficult to examine MV infection of thymocytes in vivo. One attempt has been the use of SCID-hu mice, where thymic epithelium cells, but not thymocytes, were shown to be infectible with MV, resulting in apoptosis of uninfected thymocytes (1) . However, our data show that thymocytes from hSLAM tg mice were susceptible to infection with MV in vivo as well as in vitro, and infected thymocytes did not undergo enhanced apoptosis over their normal baseline (data not shown). The lck-SLAM tg mice described here should also be of value in sorting out MVthymocyte interaction. Interestingly, we showed that constitutive expression of hSLAM protein on immature and mature murine T cells allowed MV infection, leading to an inhibition of proliferation. By this means, MV could potentially contribute to the disruption of host immune system by MV. In addition, SLAM may play a role in MV-induced T-cell nonresponsiveness to other stimuli, and infected T cells may not react normally to risk signaling induced by other microbial secondary infections. Such events are currently under investigation.
The selection of cellular receptors by viruses determines their initial cellular tropism and ultimately plays a role in viral pathogenesis. In addition to T cells, SLAM is expressed on other cells of the immune system, primarily APC such as dendritic cells and monocytes. We have successfully used the CD11c promoter to express SLAM protein on mouse APC (unpublished data). It will be useful to study the interactions between MV, T cells, and APC in vivo and in vitro. The other known MV receptor, CD46, has also been expressed in tg mice (16, 36, 41, 57) . The profile of hCD46 expression in these mice mimicked CD46 expression in humans. The initial route of natural MV infection of humans is believed to occur through the respiratory tract, and such respiratory epithelia express CD46 but not SLAM (29) . Thereafter, MV infects lymphoid tissues, where secondary infection and replication amplifies virus. Dendritic cells, monocytes, and T cells express both CD46 and SLAM molecules on their surface. MV then spreads to multiple sites, including the digestive tract, skin, and CNS, where primary cells in these organs express CD46 and not SLAM. The availability of cell type-specific CD46-or SLAMexpressing tg mice and the ability to infect these tg mice with MV suggests that the single tg mice and the CD46 ϫ SLAM double tg mice might be useful for studying various aspects of virus spread, virus-induced immunosuppression, and pathogenesis caused by MV infection.
